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(54) A system and method for reducing timing mismatch in sample and hold circuits using an fit 
and subcircuit reassignment 



(57) The present invention relates to a high speed 
sample and hold circuit which comprises a plurality of 
sample and hold subcircuits coupled in parallel between 
an input and an output. The circuit also comprises a cal- 
ibration circuit coupled to the plurality of sample and 
hold subcircuits. The calibration circuit is operable to 
modify a hold signal for one or more of the plurality of 
sample and hold subcircuits to thereby reduce timing 
mismatch between the plurality of sample and hold sub- 
circuits and distortion associated therewith. The present 



invention also comprises a method of reducing timing 
mismatch in a high speed, parallel coupled sample and 
hold circuit. The method comprises detecting timing 
mismatch associated with a plurality of sample and hold 
subcircuits and modifying a hold signal for one or more 
of the subcircuits. In one exemplary method : the timing 
mismatch is detected by converting the sample and hold 
circuit output data to digital data and performing a fast 
Fourier transform thereon, and analyzing the resulting 
energy spectrum. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

[0001 ] The present invention relates generally to elec- 
trical circuits, and more particularly to a system and 
method for reducing timing mismatch in sample and 
hold circuits. 

BACKGROUND OF THE INVENTION 

[0002] Analog to digital converters (ADCs) are impor- 
tant analog circuit devices which take an analog input 
signal and generate one or more digital signals which 
are representative of the analog input. ADCs are used 
in many applications such as communications applica- 
tions in which the components receive a voice input (an 
analog input) and transform the voice data into a digital 
formal for internal processing. Exemplary applications 
using such ADCs are illustrated in prior art Figs. 1 and 
2, respectively. For example, in prior art Fig. 1 , an ex- 
emplary base transceiver station (BTS) 10 is illustrated 
in which an RF analog input signal 12 is received, am- 
plified and converted into a digital signal 1 4 before being 
processed in a baseband section 16 and network inter- 
face section 18. Similarly, prior art Fig. 2 illustrates a 
schematic diagram of an automobile multimedia system 
20 in which various analog signals such as radio signals 
22 and sensor signals 24 are transformed into digital sig- 
nals for subsequent processing. Further, many other 
system applications exist, including, but not limited to, 
hard disk drive (HDD) read channel applications. 
[0003] One of the most challenging portions of an 
ADC is the sample and hold (S/H) circuit at the front end 
thereof. As the speed of ADCs continues to grow, the 
design of the S/H circuit becomes more challenging, and 
various solutions have been proposed to improve the 
speed of such S/H circuits. One prior art circuit solution 
for improving the speed of a S/H circuit is illustrated in 
prior art Fig. 3 and designated at reference numeral 30. 
The S/H circuit 30 consists of four S/H subcircuits 32a- 
32d coupled together in parallel. Each of the S/H sub- 
circuits 32a-32d operates individually as a S/H circuit, 
wherein the input V, N is passed to the output V OUT dur- 
ing a "sampling mode" and the state of the input is main- 
tained on the output in the "hold mode", respectively. 
[0004] The speed of the S/H circuit 30 of Fig. 3 is in- 
creased by using several individual S/H subcircuits in- 
terleaved in time. An exemplary sample timing diagram 
for the S/H circuit 30 is illustrated in prior art Fig. 4. Note 
that with multiple S/H subcircuits interleaved in time, 
each subcircuit transitions through one sample and hold 
cycle in four clock (CLK) cycles, whereas if a similar 
speed were desired with only a single S/H subcircuit, 
the sample and hold functions each would have to be 
completed within a one-half ( 1 /£) clock cycle. Therefore 
in the above parallel configuration, the overall speed is 
increased without requiring higher performance from 



the individual S/H subcircuit elements. 
[0005] Referring again to prior art Fig. 3, although the 
pass gates at the output of the overall S/H circuit 30 
might seem like a possible speed limitation , usually such 
5 S/H circuits are followed by one or more output buffers. 
In such a case, the RC filter of the pass gate and the 
input capacitance of the output buffer is usually fairly 
small compared with the speed gained through parallel- 
ism. 

10 [0006] One problem with the technique provided by 
the circuit 30 of prior art Fig. 3 is that if the S/H subcir- 
cuits 32a-32d are not perfectly matched, then errors can 
occur. The three chief types of mismatch associated 
with the S/H circuit 30 are offset mismatch, gain mis- 

15 match and timing mismatch. A brief discussion of the 
operation of an individual conventional S/H subcircuit is 
provided below in order to appreciate the impact that 
timing mismatch has on the performance of the S/H cir- 
cuits 30. 

20 [0007] An exemplary prior art sample and hold sub- 
circuit is illustrated in prior art Fig. 5, and designated at 
reference numeral 40. Circuit 40 is a detailed circuit of 
structure 32a in Fig. 3. Transistor M1 operates as a sam- 
pling switch, and C HOLD acts as a sampling capacitor. 

25 in the sampling mode, a sampling signal "S" is asserted, 
thereby closing a switch 42, which activates M1 (turns 
M1 on). With M1 on, V !N is passed to the output V OUT . 
[0008] A significant time point relating to timing mis- 
match in S/H circuits deals with the instant when the 

30 sampling switch M1 is deactivated, or turned off. Any 
deviation of the deactivation of M1 from perfect CLK/N 
time periods will cause a timing mismatch between the 
various subcircuits and result in distortion at the output 
V OUT . To deactivate M1 , the sample signal "S" goes low 

35 and a hold signal "H" is asserted, which causes a switch 
43 to close. This instance pulls the gate of M1 down to 
ground, thus turning M1 off. Each S/H subcircuit has its 
own hold signal "H"; consequently a primary source of 
the timing mismatch relates to mismatches in the switch 

40 M1 driven by "H" and the arrival of the hold signal "H" 
at each subcircuit switch, respectively. In addition, even 
if no timing mismatch occurs between "H" signals of var- 
ious subcircuits 32a-32d, a sizing mismatch of switch 
43 or M1 between various subcircuits may exist which 

45 may contribute disadvantageously to timing mismatch. 
[0009] There is a need in the art for a circuit and meth- 
od for increasing the speed in sample and hold circuits 
in which timing mismatch is reduced substantially. 

50 SUMMARY OF THE INVENTION 

[0010] According to the present invention, a system 
and method of reducing timing mismatch in high speed 
S/H circuits is disclosed. 
55 [0011] According to the present invention, timing mis- 
match related to the sampling switch in various S/H sub- 
circuits is reduced by calibrating the subcircuits so that 
the hold signal of the subcircuits are modified so as to 
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minimize timing mismatch between S/H subcircuits. In 
the above manner, the timing mismatch between the 
various S/H subcircuits associated with the arrival of the 
hold signal at its switch in each subcircuit is reduced 
substantially or eliminated altogether. 
[0012] According to one aspect of the present inven- 
tion, subcircuits within a parallel S/H circuit are calibrat- 
ed so as to reduce timing mismatch by feeding a sinu- 
soidal test signal into the analog input of a S/H circuit 
input and analyzing the circuit output. For example, the 
analog, generally sinusoidal output is converted to dig- 
ital data and processed, for example, using a fast Fou- 
rier transform (FFT). The processed data, for example, 
an energy spectrum, is then analyzed and utilized to cal- 
ibrate one or more of the S/H subcircuits by modifying 
the hold signal such that a timing mismatch between the 
S/H subcircuits is reduced substantially or eliminated al- 
together. 

[0013] According to another aspect of the present in- 
vention, a high speed S/H circuit comprises a plurality 
of S/H subcircuits coupled together in parallel a calibra- 
tion circuit and a memory associated therewith . The cal- 
ibration circuit is operable to modify a hold signal for 
each of the S/H subcircuits. In an exemplary illustration 
of the present invention, the calibration circuit operates 
to modify the hold signal of one or more S/H subcircuits 
so as to minimize an energy amplitude at one or more 
predetermined frequencies, thereby reducing distortion 
associated with timing mismatch. Based on the process- 
ing and analysis of the S/H circuit output, control data 
necessary to modify the hold ("H") signal for the one or 
more of the S/H subcircuits is identified and saved in the 
memory. Subsequently, the calibration circuit may ac- 
cess the memory and utilize the control data to modify 
the hold signal for one or more of the S/H subcircuits 
and thereby reduce timing mismatch. 
[0014] According to still another aspect of the present 
invention, a method for reducing timing mismatch in a 
S/H circuit is provided. The method comprises, modify- 
ing the hold signal for one or more of a plurality of S/H 
subcircuits. The modified hold signals are then em- 
ployed within the respective S/H subcircuits to thereby 
reduce the timing mismatch therebetween, thus reduc- 
ing output distortion. In an exemplary illustration of the 
present invention, the identification of the proper hold 
signal modifications is accomplished by inputting a si- 
nusoidal signal into the input of the S/H circuit. The S/H 
output is then digitized, analyzed and used to determine 
a timing mismatch status. For example, an FFT is per- 
formed on the digital output data and the energy spec- 
trum associated therewith is analyzed to ascertain 
whether timing mismatch exists, thereby establishing 
the status. The status is then used to modify the hold 
signal for the subcircuits independently of one another. 
For example, control data necessary to establish the de- 
sired modified hold signal for each S/H subcircuit is iden- 
tified and saved in a memory and subsequently em- 
ployed by a calibration circuit to effectuate the hold sig- 



nal timing for each of the S/H subcircuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 [0015] Preferred and exemplary embodiments of the 
present invention will now be described in greater detail, 
by way of example only, with reference to the figures of 
the accompanying drawings in which: 

10 Fig. 1 is a block system level diagram illustrating a 
prior art base transceiver station utilizing a plurality 
of ADCs; 

Fig. 2 is a block system level diagram illustrating a 
prior art multimedia controller for an automobile em- 
is ploying a plurality of ADCs; 

Fig. 3 is a simplified schematic diagram illustrating 
a prior art high speed sample and hold (S/H) circuit 
having four S/H subcircuits coupled together in par- 
allel; 

20 Fig. 4 is a timing diagram, illustrating an exemplary 
timing operation for the four S/H subcircuits of prior 
art Fig. 3; 

Fig. 5 is a schematic diagram illustrating an exem- 
plary prior art S/H subcircuit used in prior art Fig. 3 

25 used to help illustrate the problem associated with 
timing mismatch in prior art high speed S/H circuits; 
Fig. 6a is a schematic diagram illustrating a system 
for identifying timing mismatch and eliminating or 
reducing substantially such timing mismatch in a 

30 high speed S/H circuit; 

Fig. 6b is a combined waveform and block diagram 
illustrating a portion of an exemplary signal analysis 
circuit; 

Fig. 6c is a schematic diagram illustrating a circuit 
35 for eliminating or reducing substantially timing mis- 
match in a high speed S/H circuit; 
Figs. 7a-7f are waveform diagrams illustrating ex- 
emplary energy spectra associated with output data 
of the circuit of Fig. 6b and how timing mismatch in 
40 a S/H circuit may be identified using such energy 
spectra; 

Fig. 8 is a combined block diagram and schematic 
diagram illustrating the calibration circuit and an ex- 
emplary subcircuit within the high speed S/H circuit 
45 of Figs. 6a or Fig. 6c; 

Fig. 9 is a block diagram illustrating an exemplary 
calibration circuit for modifying a hold signal for the 
S/H subcircuit of Fig. 8; 

Fig. 1 0 is a flow chart diagram illustrating a method 
so for reducing timing mismatch in a S/H circuit; 

Fig. 11 is a flow chart diagram illustrating a method 
of analyzing the S/H circuit output to identify timing 
mismatch; 

Fig. 12 is a flowchart diagram illustrating a method 
55 of analyzing the S/H circuit output data in accord- 
ance with one exemplary aspect of the present in- 
vention; and 

Fig. 1 3 is a flow chart diagram illustrating a method 
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of analyzing the S/H circuit output data in accord- 
ance with another exemplary aspect of the present 
invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0016] The following description and the annexed 
drawings set forth in detail certain illustrative embodi- 
ments of the invention. These embodiments are indica- 
tive, however of but a few of the various ways in which 
the principles of the invention may be employed and the 
present invention is intended to include all such embod- 
iments and their equivalents. Other objects, advantages 
and novel features of the invention will become apparent 
from the following detailed description of the invention 
when considered in conjunction with the drawings, in 
which like numbered elements represent like parts. 
[0017] The present invention is directed to a system 
and method for reducing timing mismatch in high speed 
S/H circuits. In S/H circuits employing a plurality of time 
interleaved S/H subcircuits, timing mismatch is reduced 
via calibration by modification of the hold signal to there- 
by establish a predetermined timing relationship be- 
tween each of the S/H subcircuits. According to one ex- 
emplary aspect of the present invention, the calibration 
is accomplished by inputting a sinusoidal test signal into 
the S/H circuit input and analyzing the circuit output. For 
example, the S/H circuit output is converted to digital 
data and processed, for example, using a signal analy- 
sis circuit to perform an FFT. The resulting energy spec- 
trum is then analyzed to identify timing mismatch be- 
tween the various S/H subcircuits. Such analysis is then 
used to modify the hold signal for one or more of the S/ 
H subcircuits, respectively. 

[0018] Turning now to the figures, Fig. 6a is a sche- 
matic diagram illustrating a system or circuit for identi- 
fying and reducing timing mismatch in a high speed, par- 
allel coupled S/H circuit, and is designated at reference 
numeral 100. The S/H circuit 100 includes a plurality of 
S/H subcircuits 102a-102d (e.g., four (4) subcircuits), 
which are coupled together in parallel between an input 
portion (which includes an analog input terminal V IN ) 
and an output terminal V oux . The S/H circuit 100 also 
includes an ADC 103, a calibration circuit 104, and a 
signal analysis circuit 1 05 associated with the S/H sub- 
circuits 102a-102d, for example, coupled between the 
output V OUT and the input portion 106 of the circuit, re- 
spectively. The calibration circuit 1 04 is operable to cal- 
ibrate the various S/H subcircuits 102a-102d by modi- 
fying the hold signal for one or more of the various S/H 
subcircuits, respectively. The calibration which results 
in the desired timing relationship between the subcir- 
cuits 102a-102d reduces the mismatch in the switches 
of the various S/H subcircuits 1 02a-1 02d which is driven 
by the hold signal and thus reduces timing mismatch be- 
tween the S/H subcircuits 102a-102d and reduces dis- 
tortion at the output V OUT . The manner in which such 
functionality is effectuated will be described in greater 



detail below. 

[0019] According to one aspect of the present inven- 
tion, an analog input signal 1 07, for example, a sinusoi- 
dal signal F TEST having a predetermined test frequency, 

5 is selectively coupled to an input portion 1 06 of the S/H 
circuit 100. For example, as illustrated in Fig. 6a, F TEST 
is coupled to the input portion 106 through a switching 
arrangement 1 08. The switching arrangement 108 may 
be controlled by a control circuit (not shown) which op- 

10 erates to open a first switch 1 08a to decouple the analog 
input signal V, N 1 09 from the input portion 1 06 of the S/ 
H circuit 102a, and close a second switch 108b which 
couples the S/H circuit 1 02a to the input test signal 1 07. 
Therefore the S/H circuits 1 02a-1 02d may be selectively 

*5 employed using the switching arrangement 108 so as 
to be coupled in a test calibration mode and be decou- 
pled in a standard or conventional analog sampling 
mode, respectively. 

[0020] In accordance with one aspect of the present 

20 invention, the test signal 107 is fed into the input portion 
1 06 of the S/H circuit 1 02a-1 02d, thus replacing the an- 
alog input V, N with F TEST . The S/H circuit 100 then op- 
erates in a conventional manner with the output (V our ) 
representing a status or state based upon the hold sig- 

25 nal timing of the various subcircuits 1 02a-1 02d. That is, 
with no timing mismatch, the analog input signal 107 
generally will be faithfully reproduced at V OUT , whereas 
the existence of timing mismatch between the S/H sub- 
circuits will cause some distortion of signal 1 07 at V OUT . 

30 [0021] The analog output signal is then converted into 
digital data D OUT using the ADC 103 (see, e.g.. the ex- 
emplary digital data D OU t illustrated in Fig. 6b). The dig- 
ital data D OUT is then input into the signal analysis circuit 
105 and analyzed to identify whether timing mismatch 

35 exists between the various S/H subcircuits 102a-102d. 
Based on the analysis performed by the signal analysis 
circuit 105, the calibration circuit 104 then modifies the 
hold signal (e.g., "H" modified to H (MOD) ) of one or more 
of the subcircuits 102a-102d. The modified hold signal 

40 ( S ) are then utilized to again sample the input (F^sj) at 
the output, and the output V OUT is again reevaluated us- 
ing the signal analysis circuit 1 05. This process contin- 
ues using the signal analysis circuit 1 05 and the calibra- 

► ^—tion circuit 104 until a timing of the hold signal(s) is es- 

45 tablished for each of the S/H subcircuits 1 02a-1 02d in- 
dividually. The modified hold signal (e.g., a different 
H (MOD) for eacn of tne S/H subcircuits 1 02a-1 02d) sub- 
sequently is then saved in a memory 1 09 as control data 
to effectuate calibration subsequently in conjunction 

50 with the calibration circuit 104. The calibration circuit 
104 and the memory 109 are then utilized in a standard 
or conventional mode of operation to reduce the timing 
mismatch between the various S/H subcircuits 102a- 
102d, thereby reducing distortion associated therewith 

55 at the output V OUT , as illustrated in Fig. 6c. Note that the 
signal analysis circuit 105 is no longer necessary once 
the control data needed for effective calibration has 
been identified. 
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[0022] As discussed above, the calibration circuit 1 04 
of Fig. 6a operates to modify the hold signal associated 
with the various S/H subcircuits 102a-102d individually. 
Consequently, the manner and/or extent to which the 
hold signal associated with each S/H subcircuit 102a- 
1 02d is modified may differfrom one another. According 
to one exemplary aspect of the present invention, the 
hold signals for the various S/H subcircuits 102a-102d 
are modified by delaying the hold signal by a given 
amount. Alternatively, however, other ways of modifying 
the hold signal may be employed and any such hold sig- 
nal modifications are contemplated as falling within the 
scope of the present invention. 

[0023] Various forms of signal analysis may be em- 
ployed in the signal analysis circuit 1 05 of Fig. 6a to iden- 
tify timing mismatch and any such signal analysis is con- 
templated as falling within the scope of the present in- 
vention. According to one exemplary aspect of the 
present invention, the signal analysis circuit 105 com- 
prises a digital signal processor (DSP) circuit 110, as 
illustrated in Fig. 6b. The DSP circuit 110 is adapted or 
otherwise configured to perform a Fourier transform 
such as a fast Fourier transform (FFT) on the digital data 
D OUT . As is generally well known, a Fourier transform 
takes a time-varying input signal (time domain signal) 
and transforms the signal into the frequency domain, 
wherein signal amplitudes vary across a range of fre- 
quencies. An FFT is a digital Fourier transform algorithm 
in which digital data D OUT is transformed into the fre- 
quency domain to thereby provide an energy spectrum 
110a ; as illustrated, for example, in Fig. 6b. 
[0024] An exemplary energy spectrum resulting from 
a S/H circuit 1 00 exhibiting no timing mismatch (e.g., an 
ideal response) is illustrated in Fig. 7a, and designated 
at reference numeral 120. For the spectrum 120 of Fig. 
7a, a 100 MHz input signal (F-^sy) has been sampled 
at 1000 MHz or 1 GHz (f C u<)- In contrast, an exemplary 
energy spectrum resulting from a S/H circuit exhibiting 
timing mismatch between two or more of the S/H sub- 
circuits 102a-102d is illustrated in Fig. 7b, and designat- 
ed at reference numeral 1 30. Note that the energy spec- 
trum 1 30 exhibiting distortion due to timing mismatch dif- 
fers from the ideal response spectrum 120 of Fig. 7a; in 
particular, energy spikes 132 exist at various frequen- 
cies (wherein the frequencies are a function of the input 
test signal frequency f TEST and the clock signal frequen- 
cy f C u<)- Consequently, an effective calibration (hold sig- 
nal modification) will minimize the energy spikes 132 at 
those frequencies, thereby causing the energy spec- 
trum 130 of the digitized output D OLrT to approach the 
ideal spectrum 120 of Fig. 7a. Since timing mismatch 
produces distortion at specific frequencies for a given 
f-^g-j. and f C t_K> ' s P oss ible to reduce timing mismatch 
independent of other S/H nonidealities by examining the 
FFT output at those specific frequencies. 
[0025] When analyzing the digital data D OUT , if the S/ 
H circuit 100 has more than two S/H subcircuits 102, 
there are a variety of possible mismatches and subse- 



quent analysts of the energy spectrum (e.g., the spec- 
trum 130 of Fig. 7b) can become challenging because 
of the difficulty in determining which S/H subcircuit 1 02 
is the cause of the resulting distortion (caused by the 

5 timing mismatch). According to one exemplary aspect 
of the present invention, the above-identified problem is 
overcome by decimating the digital output data 
that only the output of two of the S/H subcircuits is being 
analyzed at one time. For example, to evaluate whether 

10 S/H subcircuits 102a and 102b exhibit timing mismatch 
with respect to one another, D OUT is decimated so that 
only the digital data associated with the S/H subcircuits 
102a and 102b are analyzed. 

[0026] An exemplary energy spectrum of the decimat- 
es ed data when no timing mismatch exists (e.g., an ideal 
response) is illustrated in Fig. 7e, and designated at ref- 
erence numeral 160. In contrast, an exemplary energy 
spectrum generated by the DSP circuit 110 which ex- 
hibits distortion due to timing mismatch is illustrated in 
20 Fig. 7f, and designated at reference numeral 1 70. Note 
that in Fig. 7f , the distortion shows up as energy spikes 
1 72 at particular frequencies which are a function of the 
input test signal frequency f TEST and the clock frequency 
f CLK at which the S/H subcircuits operate, respectively. 
25 An effective calibration of either one or more of the S/H 
subcircuits 102a and 102c will result in the peaks 172 
of Fig. 7f being minimized. 

[0027] After decimating the digital data D OUT to ana- 
lyze the timing relationship between two of the S/H sub- 

30 circuits 102a and 102c, another, decimation of D OUT is 
conducted between one of the same subcircuits (e.g., 
S/H subcircuit 1 02a), which may be considered the mas- 
ter, and another one of the S/H subcircuits (e.g., subcir- 
cuit 102b). One exemplary manner of accomplishing 

35 such a decimation is if there are M number of total S/H 
subcircuits, and M = 2 N , where N is an integer (e.g., M 
= 4, then N = 2), make the first subcircuit 102a be the 
master and decimate the digital data by two until left with 
only the data associated with the master and the [(M/2) 

40 + 1 ]th subcircuit. After performing the analysis with these 
subcircuits, one can re-map the physical S/H subcircuits 
102b-102d so that a different S/H subcircuit is the [(M/ 
2) + 1] th subcircuit, for example, by re-routing the CLK 
signal lines. Therefore if M = 4, then D OUT represents 

45 data from the S/H subcircuits as follows: 
1 234 1 234 1 234 1 234 1 234 ... ; 
which is decimated in the above described manner to: 

13131313131313131313.... 
Upon remapping the S/H subcircuits as described 

so above, D OUT may be: 

1 324 1 324 1 324 1 324 1 324 ... ; 
which is decimated in the above described manner to: 

12121212121212121212..., 
and so on. 

55 [0028] Figs. 7e and 7f illustrate the above discussed 
decimation and analysis in accordance with one exem- 
plary aspect of the present invention. Fig. 7e illustrates 
an energy spectrum 160 for decimated data, wherein 
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the corresponding S/H subcircuits 102a and 102b ex- 
hibit no distortion due to timing mismatch (e.g., an ideal 
response). In the above example, the input test signal 
frequency f TEST = 1 00 MHz and the clock signal f CLK = 
1 GHz. In addition, it is desired for signal analysis sim- 
plicity and stability to ensure that f TEST < f CL K /2(N+1) and 

f TEST*fci_K /N ' 

[0029] Fig. 7f illustrates an energy spectrum 170 as- 
sociated with the same S/H subcircuits 1 02a and 1 02c, 
wherein timing mismatch (and thus distortion) does exist 
therebetween. Typically any timing mismatch for two 
subcircuits will appear at f CLK /2 ± f TEST , however, due 
to the decimation described above, the mismatch (if 
any) will occur at f CLK /2 ± f CLK /4 ± f TEST . Therefore the 
analysis of the energy spectrum 170, for example, will 
focus on the energy at those frequencies (e.g., 150 
MHz, 350 MHz, 650 MHz and 850 MHz). Note that in 
Fig. 7f, energy spikes 172 reside at the frequencies of 
interest which indicates that calibration (modification of 
the hold signal for either or both subcircuit 1 02a and/or 
102b) is needed in order to reduce the timing mismatch 
between the respective S/H subcircuits 1 02a and 1 02b. 
Upon calibration by the calibration circuit 104, the anal- 
ysis described above is performed again with associat- 
ed calibration and the process repeats until the energy 
at the frequencies of interest is minimized, for example, 
as shown in the ideal response spectrum 1 60 of Fig. 7e. 
The control data necessary to effectuate the desired 
condition is then saved in the memory 109 for subse- 
quent S/H circuit 100 operation. 

[0030] Turning now to the details of the calibration 
process, an exemplary S/H subcircuit 102a having the 
calibration circuit 104 (or alternatively a calibration sub- 
circuit if each subcircuit employs its own calibration cir- 
cuit) associated therewith is illustrated in greater detail 
in Fig. 8. The S/H subcircuit 102a includes a sampling 
switch M1 and a holding capacitor C HOLD . In addition, 
the subcircuit 102a includes switches 111 and 114, re- 
spectively, as shown. The S/H subcircuit 1 02a operates 
in conjunction with the calibration circuit 104 in the fol- 
lowing exemplary manner. When the sampling signal 
"S" is asserted (goes high) the switch 111 is closed, 
thereby coupling V dd to the gate of M1 and turning M1 
on. At the same time "S" is asserted, the hold signal "H" 
is low, causing the switch 114 to be open. When M1 is 
on, the input (which may be the sinusoidal input signal 
f test) is passed through M1 , which is conducting, and 
a buffer 1 1 6 to the output V OUT . Such S/H subcircuit op- 
eration constitutes the sampling mode. 
[0031] When it becomes time to discontinue the sam- 
pling mode : the hold signal "H" goes high while the sam- 
pling signal "S" goes low, which closes the switch 114 
and opens the other switch 111, respectively. The volt- 
age state of the output V OUT is then held while M1 is off 
by the holding capacitor C HOLD . Therefore during the 
above conditions : the S/H subcircuit 102a is in a "hold- 
ing" mode of operation, wherein the state or status at 
the output is a function of the time at which the hold sig- 



nal arrived at the switch 114 to close it which thus im- 
pacts the timing at which the circuit ground potential ap- 
pears at node 44. 

[0032] As discussed previously in conjunction with 
5 prior art Fig. 3, there is a delay between a CLK edge 
and thesampling instant when a hold signal's ("H") rising 
edge closes switch 114, causing transistor M1 to turn 
off. Timing mismatch occurs between the S/H subcir- 
cuits 1 02a- 1 02d when this delay is not exactly the same 

10 for all subcircuits. The present invention reduces or 
eliminates altogether such timing mismatch by modify- 
ing the timing of the hold signal used to activate the 
switch 114 (H (MOD) ) for each S/H subcircuit 102a-102d. 
[0033] In the S/H subcircuit 1 02a of Fig. 8, the 

15 signal is fed into the subcircuit input and its state is "held" 
based on the timing of the hold signal M H". Therefore by 
analyzing the output V OUT in a sample and hold cycle in 
conjunction with one or more of the other subcircuit out- 
puts in the signal processing and analysis discussion 

20 highlighted supra, the calibration circuit 1 04 modifies the 
hold signal in response thereto so as to establish the 
desired predetermined timing relationship between the 
various subcircuits (and thus minimize the energy 
spikes at the predetermined frequencies in the energy 

25 spectra). 

[0034] According to one exemplary aspect of the 
present invention, the calibration circuit 1 04 modifies the 
hold signal by adding delay thereto. Various circuits may 
be employed to delay or otherwise modify the hold sig- 

30 nal and any such circuit is contemplated as falling within 
the scope of the present invention . One exemplary delay 
circuit 124 is illustrated in Fig. 9. The delay circuit 124 
includes a first inverter 230 which takes the incoming 
hold signal and inverts the signal to H (bar) . The output 

35 of the first inverter 230 has a plurality of selectively em- 
ployable capacitive loading elements 232 which act to 
delay the inverted hold signal (H (bar) ) by various 
amounts depending upon the number of elements cou- 
pled thereto. 

40 [0035] The capacitive loading elements 232 include a 
plurality of capacitors C 0 -C n in series with switches SW 0 
- SW n , respectively, which are controlled by the control 
signals or control data D 0 -D n from a control circuit orthe 
memory 109 (not shown). When a control signal acti- 

45 vates a switch (e.g., switch SW 0 ), the associated capac- 
itor C 0 is coupled to the output of the first inverter 230, 
thereby adding a delay to H (bar) . As can be seen from 
Fig. 9, if all the switches are open, then the delay asso- 
ciated with H is negligible, whereas if the control signals 

50 o 0 - D n dictate that all the switches are closed, a maxi- 
mum hold signal delay will be effectuated. The delayed 
H (bar) signal is then re-inverted back as a modified hold 
signal (H (MOD) ) via a second inverter 234. As shown 
above, N capacitors of the same size provide for N dif- 

55 ferent delays. Alternatively, if greater resolution is de- 
sired for modifying the hold signal, the capacitors may 
be sized differently from one another so as to provide 
different amounts of delay. For example, if the capacitor 
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sizes are weighted in a binary fashion, 2 N different de- 
lays may be achieved, as may be desired. 
[0036] Therefore as discussed previously, the control 
data saved in the memory 109 may be used to modify 
the timing of the hold signal for each of the S/H subcir- 
cuits. in addition, since timing mismatch may vary as a 
function of temperature, the calibration process de- 
scribed supra may be utilized to generate different sets 
of control data based on the circuit temperature, as may 
be desired. 

[0037] According to yet another aspect of the present 
invention, a method for reducing timing mismatch in Sf 
H circuits is disclosed, as illustrated in Fig. 10 and des- 
ignated at reference numeral 300. The method 300 pri- 
marily relates to reducing timing mismatch between var- 
ious time interleaved S/H subcircuits by modifying one 
or more of the hold signals associated with the S/H sub- 
circuits. The method 300 begins at step 302, wherein 
an analog input signal for example, a sinusoidal input 
signal having a predetermined frequency f TE sT is ln P ut 
to the S/H circuit 100. The S/H circuit 100 operates in 
its conventional manner and generates an output at 
V OUT which is a function of the input signal. The output 
signal is then analyzed at step 304 to determine whether 
timing mismatch exists between the various S/H subcir- 
cuits 102a-102d. Since it is relatively uncommon that 
each of the S/H subcircuits are exactly matched with re- 
spect to one another the method 300 queries whether 
the existing mismatch is small enough to be considered 
"sufficiently matched" at step 306. If not (NO at step 
306) , the method 300 modifies one or more of the S/H 
subcircuits using, for example, the calibration circuit 1 04 
of Fig. 6a in a manner described supra at step 308. Oth- 
erwise (YES at step 306), distortion at the output of the 
S/H circuit 100 is at or below an acceptable level and 
the method 300 ends at step 31 0. 
[0038] The analysis of the S/H circuit output at step 
304 may be pursued in a variety of different analysis 
methodologies and all such methodologies are contem- 
plated as falling within the scope of the present inven- 
tion. According to one exemplary aspect of the present 
invention, step 304 may be executed as illustrated in the 
flow chart of Fig. 11 . Such analysis includes converting 
the S/H circuit output data into digital data at step 320, 
for example, by using the ADC 1 03. The resulting digital 
data, for example, D OUT of Fig. 6a, is then processed at 
step 322. According to one exemplary aspect of the 
present invention, an FFT is performed on the digital da- 
ta, thereby resulting in an energy spectrum associated 
therewith. 

[0039] The processed data of step 322 is then ana- 
lyzed at predetermined data points to identify whether 
timing mismatch exists between the various S/H subcir- 
cuits 102a-102datstep324. For example, the FFT may 
be performed on the digital data using, for example, the 
DSP circuit 110 at step 322, thereby transforming the 
data from the time domain to the frequency domain, re- 
sulting in an energy spectrum. The energy spectrum is 



then analyzed at step 324 at one or more predetermined 
frequencies which are a function of the input test signal 
frequency and the circuit clock frequency. By analyzing 
whether or not the energy at the predetermined f requen- 

5 cies are at a minimum value, it may be determined 
whether or not timing mismatch occurs and if so, be- 
tween which subcircuits such mismatch exists. 
[0040] According to one exemplary aspect of the 
present invention, the signal processing of step 322 us- 

10 jng the DSP circuit 110 to perform an FFT on the digital 
data is illustrated in the flowchart of Fig. 12. Initially, a 
portion of the data associated with one of the S/H sub- 
circuits 1 02a-1 02d is selected as the master at step 330 
and all the data associated with the other subcircuits will 

is be analyzed with respect to the master individually. In 
the above manner, the timing mismatch can be subse- 
quently adjusted for in a manner which will not affect the 
timing relationship of the other subcircuits with respect 
to the master. 

20 [0041] The above analysis methodology is accom- 
plished by decimating the digital output by two at step 
332 until the remaining data is only the data associated 
with the master and the [(M/2) + 1] th subcircuit. Thus if 
M = 4 subcircuits, the digital data remaining will be as- 

25 sociated with the first and third subcircuits 102a and 
102c, respectively. The decimated data is then proc- 
essed using the DSP to perform an FFT on the decimat- 
ed data and the resulting spectrum is analyzed so as to 
identify and minimize the timing mismatch between the 

30 two respective S/H subcircuits at step 324. As discussed 
supra, the timing mismatch can be minimized by cali- 
brating one or both of the subcircuits by modifying one 
or both of the hold signals associated therewith. 
[0042] The analysis (step 322) then continues at step 

35 336 where a query is made whether all the S/H subcir- 
cuits have been analyzed. If not (NO at step 336), the 
various S/H subcircuits (excluding the master) 102b- 
102d are physically re-assigned at step 338, for exam- 
ple, by re-routing the respective clock signal lines so that 

40 the order of the digital data output from the circuit 100 
is altered (that is, subcircuit reassignment). The re-or- 
dered digital data is then again decimated at step 332. 
Since the data was re-ordered the remaining data may 
be the data associated with S/H subcircuits 102a and 

45 1 02d, for example. Step 334 then performs the FFT and 
analyzes the energy spectrum associated with the dec- 
imated data to identify and minimize timing mismatch 
associated with the selected subcircuits. The steps 
332-338 continue until all the subcircuits have been an- 

so alyzed with respect to the master (YES at step 336), at 
which point the analysis at step 322 is complete at step 
340. 

[0043] According to yet another aspect of the present 
invention, the processing and analysis step 322 of Fig. 
55 11 may be performed in another manner, as illustrated 
in the flow chart of Fig. 13, and designated at reference 
numeral 400. The processing and analysis still includes 
performing an FFT on the digital data, but the details in 
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which such procesr ng is performed is different. Initially, 
one of the S/H sub..:rcuits, for example, the first subcir- 
cuit 102a : is selected as the master at step 402. Then 
an integer variable used for counting, for example, J, is 
initialized and given an initial value of two (2) at step 
404. The variable will be utilized in the subsequent dec- 
imation process as will be described in greater detail be- 
low. 

[0044] The digital output data D OUT from the S/H cir- 
cuit 100 is decimated at step 406 by selecting the data 
associated with the master and the Jth subcircuit, which 
is presently the second subcircuit 102b since J = 2 (e. 
g., 12121212...). The decimated data is then processed. 
However, due to the decimation : harmonics may be in- 
troduced into the resulting energy spectrum which may 
mask the harmonics associated with the timing mis- 
match (which is the purpose of the analysis). Therefore 
the harmonics associated with the decimation process 
are ignored or filtered out of the resulting energy spec- 
trum at step 408. The resulting filtered energy spectrum 
is then analyzed and used to identify and minimize tim- 
ing mismatch between the two selected subcircuits (as 
selected by the decimation process) at step 410. 
[0045] An example of this is shown in Figs. 7c and 7d. 
Fig. 7c shows the output spectrum for 12121212... dec- 
imation where there are no offsets. Spikes labeled 1 43a- 
143d represent distortion due to the decimation. These 
spikes are filtered out. In Fig. 7d, the output spectrum 
for 12121212... decimation is shown wherethere are off- 
sets. Spikes 153a-153d are due to decimation and are 
ignored. Spikes 1 52 are due to timing mismatch and are 
minimized by the calibration algorithm. 
[0046] The method 400 then continues with the query 
at step 41 2 whetherthe integer J is greaterthan or equal 
M , wherein M represents the total number of subcircuits 
(e.g., M = 4). If not (NO at step 412), all the subcircuits 
have not yet been analyzed and the subcircuit variable 
J is then incremented at step 41 4 so that J = 3. The dec- 
imation step 406 is then repeated so that the data as- 
sociated with the first and third S/H subcircuits are main- 
tained (e.g., 1313131313...). Steps 406-414 continue 
repeating until J > M at step 41 2 (all the subcircuits 1 02a- 
102d have been analyzed), at which point the method 
400 ends at step 416. 

[0047] Although the analog signal paths in the above 
description have been shown and described as single- 
ended, implementations which use differential analog 
signal paths may also be employed and are contemplat- 
ed as falling within the scope of the present invention. 
[0048] Although the technique described above is de- 
scribed as taking place when the circuit is first turned 
on, it can also be applied at regular or irregular intervals 
during the ADC's operation, depending upon the re- 
quirements of the system in which it is used. Such use 
is contemplated as falling within the scope of the present 
invention. Furthermore, although the technique de- 
scribed above is described as taking place during an 
ADC calibration period during which the ADC is not gen- 



erating an output, it can also be performed in the back- 
ground if an additional S/H subcircuit or subcircuits are 
available. Such operation is contemplated as falling 
within the scope of the present invention. 
5 [0049] Although the invention has been shown and 
described with respect to a certain preferred embodi- 
ment or embodiments, it is obvious that equivalent al- 
terations and modifications will occur to others skilled in 
the art upon the reading and understanding of this spec- 
ie ification and the annexed drawings. In particular regard 
to the various functions performed by the above de- 
scribed components (assemblies, devices, circuits, 
etc.), the terms (including a reference to a "means") 
used to describe such components are intended to cor- 
'5 respond, unless otherwise indicated, to any component 
which performs the specified function of the described 
component (i.e., that is functionally equivalent), even 
though not structurally equivalent to the disclosed struc- 
ture which performs the function in the herein illustrated 
20 exemplary embodiments of the invention. In addition, 
while a particularfeature of the invention may have been 
disclosed with respect to only one of several embodi- 
ments, such feature may be combined with one or more 
other features of the other embodiments as may be de- 
25 sired and advantageous for any given or particular ap- 
plication. 



a plurality of sample and hold subcircuits cou- 
pled in parallel between an input and an output; 
35 and 

a calibration circuit coupled to the plurality of 
sample and hold subcircuits, wherein the cali- 
bration circuit is operable to modify a hold sig- 
nal using calibration data for one or more of the 
40 plurality of sample and hold subcircuits, thereby 

reducing a timing mismatch between the plural- 
ity of sample and hold subcircuits and distortion 
associated therewith. 

45 2. The sample and hold circuit of claim 1 , wherein the 
calibration circuit comprises a sub-calibration circuit 
for modifying the hold signal for each sample and 
hold subcircuit, respectively. 

so 3. The sample and hold circuit of claim 1 or claim 2, 
wherein the calibration circuit is selectively coupled 
to the plurality of sample and hold subcircuits. 

4. The sample and hold circuit of claim 3, wherein in 
55 a first state the sample and hold circuit is operable 
in a calibration model and the calibration circuit is 
coupled to the plurality of sample and hold subcir- 
cuits, and in a second state the sample and hold 



Claims 

30 

1. A sample and hold circuit, comprising: 

a plurality of sample and hold sub 
pled in parallel between an input ar 

35 and 

a calibration circuit coupled to th< 
sample and hold subcircuits, whei 
b ration circuit is operable to modif 
nal using calibration data for one o 

40 plurality of sample and hold subcirc 
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circuit is operable in an operating mode and the cal- 
ibration circuit is decoupled from the plurality of 
sample and hold subcircuits. 

5. The sample and hold circuit of any preceding claim, 
wherein the calibration circuit is operable to delay 
the hold signal for one or more of the plurality of 
sample and hold subcircuits, respectively. 

6. The sample and hold circuit of any preceding claim, 
wherein the calibration circuit comprises: 

a sample and hold subcircuit output detection 
circuit; 

a control circuit coupled to the detection circuit; 
and 

a modification circuit coupled to the control cir- 
cuit, 

wherein the detection circuit is operable to de- 
tect a status of an output of a sample and hold sub- 
circuit, and wherein the control circuit is operable to 
generate one or more control signals in response 
to the detected status, and wherein the modification 
circuit is operable to modify the timing of the hold 
signal in response to the one or more control sig- 
nals. 

7. The sample and hold circuit of claim 6, wherein the 
detection circuit comprises an analog to digital con- 
verter. 

8. The sample and hold circuit of claim 6 or claim 7, 
wherein the modification circuit comprises a hold 
signal delay circuit that is operable to delay the hold 
signal in response to the one or more control sig- 
nals. 

9. The sample and hold circuit of claim 8, wherein the 
hold signal delay circuit comprises a multi-delay cir- 
cuit having a hold signal input and a hold signal out- 
put, wherein a delay between the input and the out- 
put is a function of the one or more control signals. 

10. The sample and hold circuit of claim 9, wherein the 
multi-delay circuit comprises: 

a first inverter circuit coupled to the hold signal 
input, wherein an output of the first inverter cir- 
cuit comprises an inverted hold signal; 
one or more selectively coupled delay elements 
coupled to the output of the first inverter, and 
wherein a number of the delay elements that 
are coupled to the first inverter circuit output is 
a function of the one or more control signals; 
and 

a second inverter circuit having an input cou- 
pled to the one or more selectively coupled de- 



lay elements, and further comprising an output, 
wherein the output of the second inverter circuit 
comprises an inversion of the inverted hold sig- 
nal having a delay associated therewith, and 
5 wherein the delay is a function of the number 

of delay elements coupled thereto via the one 
or more control signals. 

11 . The sample and hold circuit of claim 9, wherein the 
10 delay elements comprise capacitors. 

12. The sample and hold circuit of any preceding claim 
further comprising: 

15 a memory associated with the plurality of sam- 

ple and hold subcircuits for storing said calibra- 
tion data. 

13. A high speed sample and hold circuit, comprising: 

20 

a plurality of sample and hold subcircuits cou- 
pled together in parallel between an input and 
an output; and 

a calibration subcircuit associated with each of 
25 the sample and hold subcircuits, respectively, 

wherein each calibration subcircuit is operable 
to modify a hold signal associated therewith us- 
ing calibration data, thereby reducing a timing 
mismatch between the plurality of sample and 
30 hold subcircuits and minimizing a distortion as- 

sociated therewith. 



35 



40 



14. The sample and hold circuit of claim 13, wherein 
each calibration subcircuit is selectively coupled to 
a sample and hold subcircuit, respectively. 

15. The sample and hold circuit of claim 14, wherein 
when decoupled from the respective sample and 
hold subcircuit, the sample and hold subcircuit op- 
erates in a normal manner, and when the calibration 
subcircuits are coupled, respectively, the calibration 
subcircuits are operable to modify the hold signals, 
respectively. 



45 16. The sample and hold circuit of any of claims 13 to 
15, wherein in a calibration mode, the sample and 
hold circuit is further operable to receive a sinusoi- 
dal test signal as an input to each of the sample and 
hold subcircuits, and is operable to generate an out- 

50 put for each sample and hold subcircuit using each 
hold signal, respectively, and wherein each calibra- 
tion subcircuit is operable to modify its respective 
hold signal to minimize timing mismatch in accord- 
ance with a predetermined criteria. 



55 



17. The sample and hold circuit of any of claims 13 to 
1 6, further comprising: 
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a signal analysis circuit operable to identify a 

timing mismatch condition among the sample 

and hold subcircuits; and 

a control circuit operably coupled to the signal 

analysis circuit and operable to generate one 

or more control signals in response to the timing 

mismatch. 

1 8. The sample and hold circuit of claim 1 7, wherein the 
signal analysis circuit comprises a digital signal 
processing circuit adapted to perform a Fourier 
transform on the output of the sample and hold cir- 
cuit and generate an energy spectrum associated 
therewith. 

19. The sample and hold circuit of claim 18, further 
comprising an analog to digital converter operable 
to convert the output of the sample and hold circuit 
to digital data for processing by the digital signal 
processing circuit. 

20. The sample and hold circuit of any of claims 13 to 
19, further comprising a delay circuit that is opera- 
ble to delay the hold signal for the respective sam- 
ple and hold subcircuit by capacitively loading a 
node associated with the hold signal, wherein an 
amount of capacitive loading is a function of the one 
or more control signals. 

21 . A method of reducing timing mismatch in a, parallel 
coupled sample and hold circuit, which method 
comprising: 

detecting timing mismatch associated with a 
plurality of sample and hold subcircuits; 
modifying ahold signal for one or more of a plu- 
rality of sample and hold subcircuits within the 
sample and hold circuit; and 
utilizing the modified hold signals to operate the 
sample and hold subcircuits, respectively. 

22. The method of claim 21 , wherein the step of detect- 
ing timing mismatch associated with the plurality of 
sample and hold subcircuits comprises: 

converting output data associated with the 
sample and hold circuit to digital data; 

performing signal processing on the digital 
data; and 

analyzing the processed digital data and 
determining whether timing mismatch ex- 
ists using such analysis. 

23. The method of claim 22, wherein the step of per- 
forming signal processing on the digital data com- 
prises performing a Fourier transform on the digital 
data. 



24. The method of claim 23, wherein the Fourier trans- 
form comprises a fast Fourier transform. 

25. The method of any of claims 22-24, wherein the 
5 step of analyzing the processed digital data com- 
prises: 

evaluating a frequency spectrum associated 
with the processed signal data; and 
10 determining whether timing mismatch exists 

based on the frequency spectrum. 

26. The method of claim 25, wherein the step of ana- 
lyzing the processed digital data further comprises: 

15 

evaluating the frequency spectrum at one or 
more predetermined frequencies; and 
determining that timing mismatch exists be- 
tween the sample and hold subcircuits if an am- 
20 plitude of the frequency spectrum exceeds a 

predetermined threshold value. 

27. The method of any of claims 22 to 26, wherein the 
step of performing signal processing on the digital 

25 data comprises: 

selecting a portion of the digital data associated 
with one of the sample and hold subcircuits and 
established the one of the sample and hoidsub- 
30 circuits as a master; 

selecting another portion of the digital data as- 
sociated with another one of the sample and 
hold subcircuits; 

performing a fast Fourier transform on the se- 
35 lected portions of digital data, thereby generat- 

ing an energy spectrum associated therewith. 

28. The method of claim 27, wherein the step of per- 
forming signal processing on the digital data further 

40 comprises the steps of: 

(a) selecting yet another portion of the digital 
data associated with one of the previously un- 
selected sample and hold subcircuits; 

45 (b) performing a fast Fourier transform on the 

yet another portion of digital data and the data 
associated with the master sample and hold 
subcircuit, thereby generating an energy spec- 
trum associated therewith; and 

50 (c) repeating steps (a) and (b) until all of the 

data associated with the sample and hold sub- 
circuits have been selected and processed. 

29. The method of any of claims 21 to 28, wherein a 
55 number of sample and hold subcircuits is M : where- 
in M is an integer greater than one, and wherein per- 
forming signal processing on the digital data com- 
prises: 
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selecting a portion of the digital data associated 
with one of the sample and hold subcircuits, 
wherein the one sample and hold subcircuit 
comprises a master; 

decimating the digital data by two until a re- 5 
maining portion of digital data comprises digital 
data remains, wherein the remaining portion is 
associated with the master sample, and hold 
subcircuit and the [(M/2)+ 1] th sample and hold 
subcircuit; and 10 
performing a fast Fourier transform on the re- 
maining portion of digital data, thereby gener- 
ating an energy spectrum associated with mas- 
ter and the [(M/2) + 1] th sample and hold sub- 
circuits. 15 



30. The method of claim 29, wherein performing signal 
processing on the digital data further comprises: 

(a) reassigning the sample and hold subcir- 20 
cuits, excluding the master sample and hold 
subcircuit; 

(b) converting output data associated with the 
reassigned sample and hold circuit to digital da- 
ta; 25 

(c) selecting the portion of the digital data as- 
sociated with the master sample and hold sub- 
circuit; 

(d) decimating the digital data by two until a re- 
maining portion of digital data comprises digital 30 
data remains, wherein the remaining portion is 
associated with the master sample and hold 
subcircuit and the [(M/2)+ 1] th sample and hold 
subcircuit; 

(e) performing a fast Fourier transform on the 35 
remaining portion of digital data, thereby gen- 
erating an energy spectrum associated with 
master and the [(M/2) + 1] th sample and hold 
subcircuits; and 

(f) repeating the steps (a) - (e) until all the digital 40 
data associated with the sample and hold sub- 
circuits have been processed. 

31. The method of claim 30, wherein the step of reas- 
signing the sample and hold subcircuits comprises ^ 
re-routing a plurality of clock signal lines associated 
with the sample and hold subcircuits therebetween. 
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